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Abstract: Glioblastoma presents one of the most formidable challenges in cancer treatment, remaining
persistently incurable. There is a pressing need to explore less toxic alternatives, particularly natural
remedies that could be applied in glioblastoma therapy. The aim of this research is to investigate the
antiproliferative potential of selected stone fruit juices—tart cherry (Prunus cerasus), cornelian cherry
(Cornus mas), and blackthorn (Prunus spinosa)—on U87-MG and GBM43 glioblastoma cells. Their
effects were compared with temozolomide (TMZ), the current standard treatment. Additionally, the
juices were assessed for their bioactive compounds and antioxidant potential. Unlike the other two
juices, blackthorn juice did not exhibit an antiproliferative effect on U87-MG cells. However, all three
juices, including blackthorn, demonstrated antiproliferative potential against TMZ-resistant GBM43
cells. Cornelian cherry exhibited an even stronger inhibitory effect than TMZ. This observation
correlated with cornelian cherry being rich in iridoids, while tart cherry juice contained significant
amounts of anthocyanins and proanthocyanidins. This research sheds light on the potential of
cornelian cherry juice as a source of bioactive compounds with antiproliferative effects against
glioblastoma cells, particularly TMZ-resistant GBM43 cells. Further research is warranted to explore
the potential development of these compounds into therapeutic agents, either as single entities or in
combination therapies for glioblastoma treatment.

Keywords: iridoids; anthocyanins; antiproliferative potential; tart cherry juice; cornelian cherry juice;
blackthorn juice

1. Introduction

Over the past several decades, gliomas, the most frequent brain tumors in the adult
population, have been the subject of numerous scientific studies. In recent years, increased
interest has been dedicated to refining the diagnostic criteria for gliomas, particularly
focusing on molecular biomarkers for categorization. This emphasis has led to the restruc-
turing of the WHO Classification of Tumors of the Central Nervous System in 2021 [1].
According to this classification, which is based on molecular markers such as isocitrate
dehydrogenase (IDH) expression and 1p/19q codeletion, adult-type diffuse gliomas are
the most prevalent tumor types. These gliomas include subtypes such as astrocytoma
(IDH-mutant astrocytoma), oligodendroglioma (IDH-mutant and 1p19q-codeleted), and
glioblastoma (GBM) (IDH-wildtype) [1,2].
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GBM stands out as one of the most challenging tumor types for treatment, and remains
incurable. While angiogenesis, proliferation, and invasion are shared biological character-
istics of all gliomas, GBM’s invasiveness is particularly significant [3]. Despite extensive
efforts in treatment, the survival rate for GBM remains low, presenting a significant obstacle.
Following diagnosis, the prognosis for survival is typically limited to 13 months, with most
patients succumbing within two years. While a 5-year survival rate has been achieved in
clinical trials, it applies to only 4-5% of patients [4-9]. Despite the availability of various
conventional treatments such as surgical resection, radiotherapy, and chemotherapy, the
outcome for a majority of patients remains dismal as a result of high tumor recurrence
rates [5,7,9,10].

The present standard chemotherapeutic drug for the treatment of patients with GBM is
temozolomide (TMZ), known for its capability to penetrate the blood—brain barrier [11-14].
TMZ functions as an alkylating agent, inducing DNA mismatching through methyla-
tion [11]. It also has a significant part in halting cell progression at the G2/M phase, and
triggering apoptosis in cancer cells [11,13]. Despite these mechanisms, the survival rate of
patients remains very low due to the development of increased resistance to the drug [11].
Consequently, there is a strong interest in identifying and developing alternative strategies
to achieve greater efficacy in reducing tumors and improving patient survival rates.

More recently, research focus has been directed to novel therapeutic interventions
like the utilization of micronutrients [3], and the pursuit for active ingredients from nat-
ural sources which can be used for the prevention and treatment of malignant tumors is
gaining considerable attention [15,16]. Over the years, plant-derived compounds have
demonstrated a remarkable ability to inhibit the growth and development of cancer cells.
These substances can be used to achieve inhibition of the proliferation of cells by various
mechanisms such as the initiation of apoptosis, autophagy, and the blocking of cancer
cells at different phases of the cell cycle [6]. In addition, many of these compounds have
demonstrated the ability to deactivate the signaling pathways which are generally activated
or conversely activate the signaling pathways which are generally deactivated in cancer
cells [17-21]. One very important consideration is that most plant-derived compounds
are considered safe for human consumption due to their minimal harmful effects. Con-
sequently, it is believed that plant-derived anticancer drugs may cause mild or even no
side effects on the overall health of the cancer patients [17,21,22]. In order to achieve the
improvements of overall patient prognosis, besides the inhibition of the growth of cancer
cells and the prevention of the development of recurrent tumors, these molecules need
to possess the ability to pass through the blood-brain barrier [17]. In most cases, cancer
suppression results from apoptosis or the programmed death of cells [23,24]. The prolifera-
tion of preneoplastic or neoplastic cells tends to be more significant than that of normal
cells, making the induction of apoptosis or arrest of the cell cycle crucial for inhibiting the
stimulation and progression of carcinogenesis, and ultimately for eliminating genetically
damaged, preinitiated, or neoplastic cells from the organism [23,24]. Preinitiated cells
refer to those that have undergone initial genetic changes or alterations that predispose
them to malignancy but have not yet progressed to the stage of being fully initiated cancer
cells. These cells represent an early stage of transformation and are potentially capable
of developing into cancerous cells if not eliminated or halted through mechanisms such
as apoptosis or cell cycle arrest. Generally, polyphenols are known for their anticancer
effect, with anthocyanins known for apoptotic effects in human cancer cells [23-25], so
their natural sources could potentially be used in cancer treatments. In a recent review of
Ndongwe et al. [26], it was elaborated that iridoids, a large group of natural compounds,
have the ability to generate conjugates with other drugs such as anticancer, antidiabetic,
antileishmanial, and antimalarial drugs. These conjugations can result in synergistic effects
and have the potential to increase drug efficiency. Additionally, the authors noted the
importance of the full exploration of the role of iridoids in identifying less expensive and
less toxic alternative/adjuvant cancer drugs [26].
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The goal of this research was to assess the antiproliferative effects of specific stone
fruit juices (tart cherry, cornelian cherry, and blackthorn) on two glioblastoma cell lines,
U87-MG and GBM43. These two cell lines were selected since they are frequently used in
cancer research on the glioblastoma multiforme. U87-MG cells are capable of generating
tumors in experimental animals so they are frequently utilized as a model system for the
investigation of glioblastoma. They are applied to the investigation of diverse aspects of
the biology of glioblastoma, including growth of tumor, its invasiveness, and its response
to selected therapies. Consequently, these cells are utilized in the testing of various drugs
and preclinical studies [27-29]. The source and manipulation of the cells are key factors in
determining the specific properties of GBM43 cells. They can easily share attributes that are
mutual to glioblastoma cells, like accelerated proliferation and invasiveness. Mentioned
cells are also utilized to acquire insights into glioblastoma biology, as well as for testing
potential therapeutic interventions [30-32]. Additionally, a very important feature of these
cells is that U87-MG glioblastoma cells are TMZ-sensitive, while GBM43 cells are TMZ-
resistant [14]. Selected stone fruit juices” antiproliferative effects on glioblastoma cells
were compared with those of TMZ, the present standard drug for glioblastoma treatment.
Furthermore, the juices were analyzed for the contents of their bioactive compounds, total
polyphenols and proanthocyanidins, as well as antioxidant potential.

2. Materials and Methods
2.1. Chemicals

Trolox, 4-dimethylaminocinnamaldehyde, 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,2’
azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS), gallic acid,
chlorogenic acid, ellagic acid, rutin, (-)-epicatechin, and loganic acid were acquired from
Sigma-Aldrich (St. Louis, MO, USA). Analytical standards of anthocyanins (cyanidin-
3-glucoside, cyanidin-3-rutinoside), neochlorogenic acid, and hyperoside were acquired
from Extrasynthese (Genay, France). From T.T.T. (Sveta Nedelja, Croatia), sodium car-
bonate was obtained, while potassium persulfate and Folin-Ciocalteu reagent were ob-
tained from Kemika (Zagreb, Croatia). Orthophosphoric acid (HPLC-grade) was ac-
quired from Fisher Scientific (Loughborough, UK), and methanol (HPLC-grade) from
J.T. Baker (Deventer, The Netherlands). Neocuproine, cupric chloride, and 2,4,6-tri(2-
pyridyl)-s-triazine (TPTZ) were acquired from Acros Organic (Geel, Belgium). Thia-
zolyl blue tetrazolium bromide (98%) (2-(3,5-diphenyltetrazol-2-ium-2-yl)-4,5-dimethyl-
1,3-thiazole;bromide), Temozolomide (3-methyl-4-oxoimidazol[5,1-d][1,2,3,5]tetrazine-8-
carboxamide), DMEM media (with L-glutamine, 4.5 g/L glucose and sodium pyruvate),
solution of penicillin/streptomycin (10,000 U/mL penicillin, 10,000 pg/mL streptomycin
in 0.85% NaCl), and 0.25% trypsin/0.1% EDTA were obtained from ThermoFisher Scientific
(Waltham, MA, USA). Glioblastoma U87-MB and GBM43 cells were obtained from Mayo
Clinic (Rochester, MN, USA) while fetal bovine serum was acquired from R&D Systems
(Flowery Branch, GA, USA).

2.2. Preparation of Stone Fruit Juices

Stone fruits, namely tart cherry (Prunus cerasus), cornelian cherry (Cornus mas), and
blackthorn (Prunus spinosa) fruits were grown near Varazdin (Croatia) at location 46°18'39.7"
N 16°32'67.7" E. After the collection of these fruits (approximately 2 kg), they were first
washed and pitted, and afterward pressed. The resulting juices were filtered through
cheesecloth, followed by two min thermal treatment (300 mL of each juice) at 90 °C for
inactivation of the naturally present enzymes and vegetative bacteria which could cause
the degradation and spoilage of juices.

2.3. Evaluation of Total Polyphenols, Proanthocyanidins, and Monomeric Anthocyanins of Stone
Fruit Juices

To determine the total polyphenols in the juices, the method of Singleton and Rossi [33]
was applied. A total of 10 mL of Folin-Ciocalteu reagent (7.5%) was mixed with 0.2 mL of
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diluted juice and 1.8 mL demineralized water. A total of 8 mL of sodium carbonate solution
(7.5%) was added to this mixture and it was kept for 120 min in a dark place before the
reading of the absorbance at 765 nm took place. Results were presented as grams of gallic
acid equivalents per L of juice (g GAE/L), so the calibration curve was generated with
gallic acid. Readings were performed on a UV /Vis spectrophotometer (Cary 60 UV-Vis,
Agilent Technologies, Santa Clara, CA, USA).

The concentration of proanthocyanidins was evaluated by the 4-(dimethylamino)
cinnamaldehyde (DMAC) method [34]. Then, 1 mL of DMAC reagent was mixed with
diluted juice and acidified ethanol. The mixture was kept for 30 min in a dark place before
the reading of absorbance at 640 nm took place. The concentration of proanthocyanidins
was presented as mg of procyanidin B2 equivalent per L of the juice (mg B2E/L), so the
calibration curve was generated for procyanidin B2.

The pH differential method was applied to estimate the monomeric anthocyanins [35].
Two buffers (pH 1-0.025 M KCl and pH 4.5-0.4 M sodium acetate) were prepared to
perform the analysis. A total of 2.8 mL of each buffer was mixed with 0.2 mL of the diluted
juice. Mixtures were kept for 15 min in a dark place before the reading of absorbance at
515 nm and 700 nm took place. Concentrations of monomeric anthocyanins were presented
as mg of cyanidin-3-glucoside per L of the juice (mg cyanidin-3-glucoside/L).

2.4. Evaluation of Antioxidant Activity of Stone Fruit Juices

To evaluate the antioxidant potential of the juices, ABTS, DPPH, FRAP, and CUPRAC
assays were applied. The results of antioxidant activities were presented as pmol of Trolox
equivalents per 100 mL of juice (umol TE/100 mL), so calibration curves for all assays were
generated using Trolox.

2.4.1. ABTS Assay

The ABTS assay was performed according to Arnao et al. [36]. A total of 3.2 mL of
ABTS reagent was mixed with 0.2 mL of the diluted juice. The mixture was kept for 95 min
in a dark place before the reading of absorbance at 734 nm took place.

2.4.2. DPPH Assay

For the DPPH method [37], 3 mL of DPPH solution was mixed with 0.2 mL of the
diluted juice. The mixture was kept for 15 min in a dark place before the reading of
absorbance at 517 nm took place.

2.4.3. FRAP Assay

The ferric-reducing ability was evaluated according to Benzie and Strain [38]. A total
of 3 mL of FRAP reagent was mixed with 0.2 mL of the diluted juice. The mixture was kept
for 30 min in a dark place before the reading of absorbance at 593 nm took place.

2.4.4. CUPRAC Assay

For the evaluation of cupric ion-reducing antioxidant capacity, the CUPRAC assay
was utilized [39]. Copper chloride, neocuproine, and ammonium acetate buffer (pH 7)
solution were mixed to a ratio of 1:1:1. To this mixture 0.2 mL of the diluted juice was
added. The mixture was kept for 30 min in a dark place before the reading of absorbance at
450 nm took place.

2.5. Preparation of Stone Fruit Juices for High Performance Liquid Chromatography (HPLC)

Prior to HPLC analysis, to exclude impurities samples went through solid-phase
extraction using commercial sorbent, Strata’™-X 33 um Polymeric Reversed Phase from
Phenomenex (Torrance, CA, USA). Preconditioning with methanol (HPLC-grade) of car-
tridges was conducted after their insertion in a vacuum manifold which was operating
at room temperature. Then, acetic acid solution (1% in water) was added, followed by
the addition of the sample. The sample was dripping, and formed a compact ring in
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the cartridges. After the cartridges were dried, elution of bioactives was conducted with
methanol [40,41]. The eluents were gathered and used for injection into the HPLC system.

2.6. Evaluation of Bioactive Compounds of Stone Fruit Juices Using Reversed Phase HPLC

The detection and quantification of individual bioactive compounds in juices was
performed by HPLC (Agilent HPLC system 1260 Infinity II, Santa Clara, CA, USA). The
whole system was composed of a quaternary pump, a vial sampler, DAD detector (which
was recording spectra in the interval from 190 to 600 nm), and column (Poroshell 120 EC
C-18, 4.6 x 100 mm, 2.7 um). Buljeta et al. [42] have previously described the method.
Orthophosphoric acid (0.1%) was used as a mobile phase A, and methanol was used
as a mobile phase B. Both mobile phases were HPLC-grade. The injected volume of
sample was set at 5 uL, and the flow rate was set at 1 mL/min. For the quantification
of bioactive compounds, calibration curves for standards of anthocyanins (cyanidin-3-
glucoside, cyanidin-3-rutinoside), hyperoside, rutin, gallic acid, ellagic acid, chlorogenic
acid, neochlorogenic acid, (-)-epicatechin, and loganic acid were generated with a linearity
of R? > 0.99. Anthocyanins were recorded at 520 nm, rutin and hyperoside at 360 nm,
ellagic acid at 250 nm, gallic acid and (-)-epicatechin at 280 nm, neochlorogenic acid and
chlorogenic acid at 320, and loganic acid at 245 nm. Cyanidin-3-glucosylrutinoside and
derivate of pelargonidine-3-glucoside were expressed through cyanidin-3-glucoside, and
cornuside through loganic acid. Concentrations of bioactives were presented as mg of
bioactive compound per L of the juice (mg/L).

2.7. Evaluation of Antiproliferative Effects of Stone Fruit Juices on U87-MG and GBM43
Glioblastoma Cells

Two glioblastoma cell lines, U87-MG and GBM43, were used to assess the antiprolifer-
ative effects of selected stone fruit juices. Glioblastoma U87-MG cells were derived from
a 44-year-old female patient, and GBM43 cells from a male patient. These cell lines were
obtained from the American Type Culture Collection (ATCC) (U87-MG: ATCC® HTB-14™,
GBM43: ATCC® CRL-3308™), ensuring their authenticity and reliability. The selected cells
were cultured in 96 well plates. The cells were treated with stone fruit juices after 24 h.
Fruit juices were applied in amounts of 1%, 2%, or 3% of the culture medium (DMEM—10%
fetal bovine serum—1% penicillin/streptomycin). Positive and negative controls were also
prepared. As the positive control for inducing cell death, cells treated with TMZ were used,
while as the negative control untreated cells were used. The treatment period lasted for
3 days, after which the survival of glioblastoma cells was evaluated using the MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide) method [43]. The method is
based on the measurement of the metabolic activity of living cells. During reaction, MTT
reagent is converted from yellow to purple due to the formation of formazan crystals by
viable cells. Absorbance of the obtained purple formazan crystals was read and used for
their quantification. An indication of greater cell viability is higher absorbance, reflecting
the effectiveness of the treatment. The percentage of survival of glioblastoma cells for each
treatment group was calculated according to following equation:

Percentage of survival = (Ats/AyTts) x 100

where Arg was absorbance of cells that were treated, and Ayrts the absorbance of un-
treated cells.

2.8. Statistical Analysis of the Obtained Results

For each assay, all samples were estimated in triplicate. The obtained results for
bioactives and antioxidant activities of juices were compared using analysis of variance
(ANOVA) and Fisher’s least significant difference (LSD), with the significance defined
as p < 0.05. Statistical analyses were conducted by the software program STATISTICA
13.1 (StatSoft Inc., Tulsa, OK, USA). The obtained results for antiproliferative effects of
stone fruit juices on chosen glioblastoma cells were plotted and statistically analyzed using
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one-way analysis of variance (ANOVA) to evaluate the significant differences in survival
percentages between groups, with the significance defined as p < 0.05, p < 0.01, p < 0.001.
For this purpose, GraphPad Prism version 10.1.2. was applied.

3. Results
3.1. Bioactive Compounds and Antioxidant Potential of Stone Fruit Juices

Results of the determinations of total polyphenols, monomeric anthocyanins, proan-
thocyanidins, and antioxidant activities of selected stone fruit juices are presented in Table 1.
Blackthorn and tart cherry juices had similar total polyphenol contents (approximately
2.6 g/L), which were higher than those of cornelian cherry juice (1.81 g/L). Tart cherry
juice contained three times the amount of monomeric anthocyanins than blackthorn juice
did (468.36 mg/L vs. 152.25 mg/L), while cornelian cherry juice had the lowest content of
monomeric anthocyanins (15.51 mg/L). The highest content of proanthocyanidins was in
tart cherry juice (1254.99 mg/L), whereas for the other evaluated juices this was 306.9 mg/L
and 21.56 mg/L in blackthorn and cornelian cherry juices, respectively. Four methods
were used to measure antioxidant activity, namely the DPPH, ABTS, FRAP, and CUPRAC
methods. The highest antioxidant activity measured by the DPPH method was in cornelian
cherry (9.08 umol/100 mL), followed by blackthorn (8.40 umol /100 mL) and tart cherry
(6.51 pmol/100 mL) juice. However, the application of the ABTS method indicated that
all juices had similar antioxidant activities (approximately 18 pmol/100 mL). Results of
antioxidant activity obtained by the FRAP method indicated that blackthorn juice had the
highest antioxidant potential, while cornelian cherry had the lowest (1.99 pmol/100 mL
and 1.51 umol/100 mL, respectively). The same trend was observed for the CUPRAC
method (116.56 pmol/100 mL and 71.59 pmol/100 mL for blackthorn and cornelian cherry
juices, respectively).

Table 1. Total polyphenols (TP), monomeric anthocyanins (ANT), proanthocyanidins (PAC), and
antioxidant activity (umol/100 mL) of stone fruit juices.

Juice

Parameters Tart Cherry Cornelian Cherry Blackthorn

TP (g/L) 2.58 £0.05° 1.81+0.01° 2.69 £0.022
ANT (mg/L) 468.36 = 3.87 2 1551 +£0.51°¢ 152.25 4+ 0.13P
PAC (mg/L) 1254.99 +24.61° 21.56 +£1.13°¢ 306.90 + 4.75P

DPPH 6.51 4 0.06 © 9.08+0.152 8.40 +0.05°
ABTS 17.65 £0.26 2 17.43 £0.322 18.13 £0.37 2

FRAP 1.724+0.03° 1.51 £0.00¢ 199 £0.022
CUPRAC 91.56 +0.77° 71.59 £0.08 ¢ 116.56 +0.19 2

Values marked with various letters (a—c) in the same row are significantly different at p < 0.05.

HPLC analysis was utilized for the evaluation of bioactive compounds in chosen
juices, and the results are presented in Table 2. In all juices, individual polyphenols were
found, while iridoids were found only in cornelian cherry juice. The most abundant
polyphenols in tart cherry juice were anthocyanins, cyanidin-3-rutinoside, and cyanidin-
3-glucosylrutinoside (420.71 mg/L and 342.29 mg/L, respectively). Chlorogenic and
neochlorogenic acids were also found in high concentrations (156.42 mg/L and 102.92 mg/L,
respectively). Additionally, epicatechin (40.17 mg/L) and rutin (46.54 mg/L) were found.
Blackthorn juice had the highest concentration of neochlorogenic acid (693.69 mg/L). It also
contained anthocyanins (cyanidin-3-rutinoside and cyanidin-3-glucoside in concentration
of 73.28 mg/L and 23.36 mg/L, respectively) and hyperoside (19.74 mg/L). Cornelian
cherry juice contained cyanidin-3-glucoside (7.03 mg/L) and derivate of pelargonidin
(7.96 mg/L). Also, gallic (23.93 mg/L), chlorogenic (10.87 mg/L), and ellagic (2.05 mg/L)
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acids were found. In addition to polyphenols, iridoids were identified in cornelian cherry
juice, and they were the prevalent bioactives in this juice. Two iridoides were found: loganic
acid, which was the dominant one (1285.82 mg/L), and cornuside (76.88 mg/L).

Table 2. Bioactive compounds (mg/L) found in stone fruit juices by HPLC analysis.

Bioactive Compounds Julce
Tart Cherry Cornelian Cherry Blackthorn
Individual polyphenols
Cyanidin-3-glucoside ND 7.03 +0.08 23.36 £0.27°
Cyanidin-3-rutinoside 420.71 £ 13.74 ND 73.28 +0.09®
Cyanidin-3-glucosylrutinoside 342.29 4+ 8.47 ND ND
Pelargonidine * ND 7.96 £+ 0.03 ND
Hyperoside ND ND 19.74 + 0.16
Rutin 46.54 £ 0.94 ND ND
(-)-epicatechin 40.17 £+ 1.60 ND ND
Gallic acid ND 2393 +£0.16 ND
Ellagic acid ND 2.05 +0.09 ND
Chlorogenic acid 156.42 +3.35% 10.87 +0.34 P ND
Neochlorogenic acid 102.92 +2.04° ND 693.69 £ 12.66 2
Iridoides
Loganic acid ND 1285.82 £+ 17.85 ND
Cornuside ND 76.88 & 3.52 ND

*—derivate; ND—not detected. Values marked with various letters (a, b) in the same row are significantly different
atp <0.05.

3.2. Antiproliferative Effects on U87-MG and GBM43 Cells of Stone Fruit Juices

The inhibition of the proliferation of glioblastoma U87-MG and GBM43 cell lines in
response to stone fruit juices is presented in Figures 1 and 2. Their potential for inhibiting
the proliferation of these cell lines was compared with the potential of TMZ, which is the
standard chemotherapeutic drug for treating select tumor cell lines. The juices were applied
at concentrations of 1%, 2%, and 3%. When TMZ was applied, the percentage of survival of
glioblastoma U87-MG cells was 61.4%. Blackthorn juice did not exhibit an antiproliferative
effect on these glioblastoma cells, while tart cherry and cornelian cherry juices showed
slight effects. The survival rate ranged from 81% to 92% when tart cherry juice was applied,
and from 71% to 82% when cornelian cherry juice was applied.

When TMZ was used for the inhibition of growth of GBM43 glioblastoma cells, their
survival rate was 73.7%. All three juices demonstrated the potential for inhibition of GBM43
cells, however only cornelian cherry juice showed a good potency. Percentages of survival
were 78.2%, 56.9%, and 41.8% when 1%, 2% or 3% of cornelian cherry juice was used for the
inhibition of cells. The other two juices had lower potency for the inhibition of GMB43 cells
than TMZ and cornelian cherry juice did. Survival rates ranged from 69% to 88% when tart
cherry juice was applied, and from 76% to 87% when blackthorn juice was applied.
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Figure 1. Antiproliferative effect of investigated stone fruit juices on U87-MG glioblastoma cells.
(p values * < 0.05, ** < 0.01, *** < 0.001); UT—control; TMZ—Temozolomide; TC—tart cherry juice;
CC—cornelian cherry juice; BT—blackthorn juice.
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Figure 2. Antiproliferative effect of investigated stone fruit juices on GBM43 glioblastoma cells.
(p values * < 0.05, ** < 0.01, ** < 0.001); UT—control; TMZ—Temozolomide; TC—tart cherry juice;
CC —cornelian cherry juice; BT—blackthorn juice.

4. Discussion

The antiproliferative effects of selected stone fruit juices on U87-MG and GBM43
glioblastoma cells were compared with TMZ, the current standard chemotherapeutic drug
of choice for the treatment of patients with glioblastoma. These two types of cell are
commonly employed in glioblastoma research due to their ability to provide insights into
the biology of glioblastoma, cancer cell growth, invasiveness, and suitability for testing
potential therapeutic interventions [27-32]. As previously mentioned, there has been a
growing interest in exploring active ingredients from natural sources for the prevention and
treatment of malignant tumors [15,16]. Differences observed among the chosen stone fruit
juices were in their profiles of bioactive compounds, their concentrations, and antioxidant
activities. While the tart cherry and blackthorn juices had similar contents of total polyphe-
nols, tart cherry juice had a considerably higher content of monomeric anthocyanins and
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proanthocyanidins. Tart cherry and cornelian cherry juices exhibited a slight potential
for the inhibition of growth of glioblastoma U87-MG cells, however, in both cases it was
lower than the one achieved with TMZ. Blackthorn juice was the only one among the
tested juices to exhibit no potential for inhibition. All three juices showed a potential for
inhibition of growth of glioblastoma GBM43 cells. Tart cherry and blackthorn juices had
a similar or lower effect on the growth of GBM43 cells in comparison to TMZ. Only cor-
nelian cherry juice, when applied in amounts of 2% and 3%, had a higher antiproliferative
effect than TMZ. This positive influence of juices on the inhibition of glioblastoma cells
can be ascribed to bioactive compounds which have been identified. In a previous study,
we examined the impact of berry juices, namely raspberry, dwarf elderberry, and wild
blackberry on the inhibition of growth of U87-MG and GMB46 glioblastoma cells [44], and
it was demonstrated that the juices had the potential to inhibit both glioblastoma cells. It
was determined that only wild blackberry juice exhibited higher potential to inhibit the
growth of U87-MG cells compared to TMZ, while all berry juices demonstrated higher
potency in inhibiting TMZ-resistant GBM43 cells [44]. This positive effect of berry juice is
attributed to the polyphenols present in these juices, particularly anthocyanins. Although
previous research indicated that berry juices with the highest concentration of anthocyanins
had the highest potency in inhibiting the growth of both glioblastoma cells, the present
study did not observe the same trend. Tart cherry juice had the highest anthocyanins
concentration, but cornelian cherry had the highest potency in inhibition of growth of both
cells, especially TMZ-resistant GMB43 cells. Cornelian cherry juice generally had the lowest
content of polyphenols, thus its positive effect on glioblastoma cells could be ascribed to
its possession of iridoids, especially loganic acid, bioactives that were not identified in the
other two juices. Some studies showed the potential of iridoids as new anti-tumor drugs
since they can prevent replication of DNA in cancer cells [21,26,45]. They specifically target
neurotoxicity and oxidative stress, which is necessary in the treatment of disease through
the improvement of antioxidant defenses and blocking cascades [26,46—49]. Significant
biological activity of iridoids is assigned to the suppression of the expression of multiple im-
portant pro-inflammatory proteins, consequently achieving a variety of anti-inflammatory
actions [26,50]. It was determined that anthocyanins and iridoids present in cornelian
cherry fruits can modulate the redox system and pro-inflammatory cytokines [51]. Loganic
acid inhibited the proliferation, invasiveness, and cellular migration of hepatocellular
tumor cells by regulating the levels of protein of mesenchymal markers in CXCL12-treated
cells. Additionally, it eliminated the MMP-9/2 gelatinolytic activity. It was suggested that
loganic acid could be an anti-metastatic agent since it can suppress metastasis and epithelial
mesenchymal transition processes throughout the reduction of expression of MnSOD in
hepatocellular carcinoma cells [52]. Nano carriers of bioactive compounds of cornelian
cherries also had the potential to inhibit the colorectal cancer cell line HI-29 by arresting the
proliferation of cells in the G1 phase and causing its apoptosis [53]. Sweroside, an iridoid,
also showed inhibitory effects on the growth of the U251 glioblastoma cells by causing the
apoptotic death of cells. This was accompanied by upregulation of apoptotic proteins such
as caspase 3 and 9, and Bax expressions. In addition, it induced arrest at the G0/G1 phase
of the cell cycle and the JNK/p38 MAPK signal pathway [21].

The influence of tart cherry juice on glioblastoma cells could be attributed to high
anthocyanins concentration, but also to high proanthocyanidin content. Anthocyanins have
also been emphasized by other researchers as polyphenols important to the inhibition of the
growth of different cancer cells. It was determined that they can be more efficient than other
flavonoids for the inactivation of direct cell growth [23]. Petunidin, cyanidin, and delphini-
din anthocyanidins could potentially cause the inhibition of glioblastoma cancer cells by
affecting plasminogen activation and, through that, the inhibition of the migration of cancer
cells. Their structure, more precisely the number of OH-groups on the B-ring, were high-
lighted as a cause for this action. Petunidin and cyanidin forms possess two OH-groups,
and their inhibitory effect was 48%, while delphinidin had an inhibitory effect of 83% due
to the possession of three OH-groups [9]. Regardless of their structure, when cyanidin and
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delphinidin were tested for their antiproliferative and apoptotic impact on MCF7 cell lines
(human breast cancer), it was determined that cyanidin was more efficient [54]. Regarding
structure, glycosylation can be a very important factor. Glycosides of aglycons could be
more effective due to their ability to hinder glucose transport that results in the inhibition
of energy metabolism, which, in turn, can cause mitochondrial damage and apoptosis of
tumor cells [55]. Cyanidin-3-glucoside and cyanidin-3-glucosylrutinoside were found in
high concentration in tart cherry juice, while in blackthorn juice cyanidin-3-glucoside and
cyanidin-3-rutinoside were found, so those compounds were probably responsible for the
positive influence of these juices on the proliferation of glioblastoma cells. Cyanidin-3-
rutinoside and cyanidin-3-glucoside (fraction of mulberry anthocyanins) have been tested
against human lung cancer cells, and it was found that they have an inhibitory influence
on the migration as well as on the invasion of the highly metastatic A549 cells. The mecha-
nism by which those anthocyanins inhibited lung cancer cells included the decrease in the
expression of matrix matalloprotinase-2 (MMP-2) and urokinase-plasminogen activator
(u-PA), and the increase in the expression of the tissue inhibitor of matrix matalloprotinase-
2 (TIMP-2) and plasminogen activator inhibitor (PAI) [56]. Kang et al. [57] showed that
anthocyanins and their aglycone, cyanidin, present in tart cherries, significantly diminished
tumor development in the cecum of ApcMi™ mice. In addition, these compounds caused the
direct inhibition of the growth of HT 29 and HCT 116 cell lines (human colon cancer), with
the aglycone cyanidin having much higher potential in comparison to the anthocyanin gly-
cosides. Anthocyanin fractions of extracts of Mexican wild blackberries mostly possessed
cyanidin-3-rutinoside and cyanidin-3-glucoside, and these extracts caused the initiation of
apoptosis in C6 and RG2 cell lines. The inhibition of the C6 cell lines with these extracts
was through the G0/G1 phase [4].

Procyanidins isolated from grape seeds have been one of the natural materials used to
evaluate the effect of bioactives on glioblastoma cells. It was observed that they significantly
inhibited the growth of glioblastoma by inducing G2/M arrest and decreasing mitochon-
drial membrane potential in U-87 cells. In addition, in these cells procyanidins caused the
death of the non-apoptotic cell phenotype resembling paraptosis. They also caused the
inhibition of U-87 cells by influencing a G-protein-coupled receptor, specifically the formyl
peptide receptor, which is involved in the invasion and metastasis of tumor cells [58]. Cran-
berry proanthocyanidins and flavonoid-rich extract were tested against colon carcinoma
(HT-29), glioblastoma multiforme (U87), and androgen-independent prostate carcinoma
(DU145). It was found that the inhibition of these different cancer cells was achieved.
The proanthocyanidin fraction was more effective than the flavonoid fraction at inducing
the inhibition of glioblastoma cells in the G1 cell cycle in a time- and dose-dependent
manner [59].

Karakas et al. [60] investigated the cytotoxicity of methanol extract of blackthorn fruit
on glioblastoma cancer (LN229, T98G, U87) cell lines, and pancreatic cancer (PANC-1,
ASPC-1) cell lines. In GBM cell lines, a decrease in cell viability was observed. However, by
calculating ICsy values it was determined that the highest concentration was necessary for
the inhibition of U87 cells. ICs values were 5.245 mg/mL, 5.459 mg/mL, and 9.777 mg/mL
of methanol extracts of blackthorn fruit for LN229, T98G, and U87 GBM cells, respectively.
On the other hand, no effect was detected on either of the investigated pancreatic cancer
cells [60].

It is important to consider that the presence of other phenols, as well as their con-
centrations and ratios with other phenolics, can significantly influence the availability of
free-binding sites that could interact with glioblastoma cells. Interactions between com-
pounds can result in achieving synergistic or antagonistic effects, as was also evident from
the results of the determination of antioxidant activities.

Both the ABTS and DPPH methods are based on the reaction of H-atom donors with
corresponding radicals, ABTS™* and DPPH'. From our results, it is evident that higher
antioxidant activity was achieved by the ABTS method, and there was no difference
between samples in contrast to DPPH method. ABTS™ is characterized by the reaction with
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any hydroxylated aromatics, irrespective of their actual antioxidative potential, which also
includes OH-groups that do not contribute to the antioxidation [61]. DPPH' is characterized
by higher selectivity in comparison to ABTS™* in the reactions with H-donors. As opposed
to ABTS*, DPPH’ does not react with flavonoids, which in B-ring have no OH-groups, or
with aromatic acids, which have only one OH-group [61]. Even though the cornelian cherry
juice contained the lowest concentration of polyphenols, it had the highest antioxidant
activity estimated by the DPPH assay, probably due to the high concentration of loganic acid.
It was observed that loganic acid had remarkable antioxidant activity in terms of DPPH
scavenging [62], so its high concentration in cornelian cherry juice compensated antioxidant
activity. The other two methods, FRAP and CUPRAC, are based on the reduction of
metal ions by the action of antioxidants. The mechanism of the first one involves the
reduction of the ferric ion (Fe3+)—ligand complex to ferrous (Fe?) complex [63], and the
second one the reduction of cupric (Cu?*) to cuprous ion (Cu*) [64]. It is evident from the
results of antioxidant activity determined by these methods that blackthorn juice had the
highest antioxidant potential, even though the tart cherry juice contained considerably more
anthocyanins and proanthocyanidins. This can be explained by the antagonistic phenomena
that are the consequence of interactions between the phenolic compounds. It is well known
that the number as well as position of OH-groups and OCHj3-groups on the phenolic
rings predominantly affect the antioxidant potential of individual phenolic compounds.
Nevertheless, the antioxidant potential of combined compounds, i.e., phenolic mixtures, is a
complex outcome of different parameters, like intramolecular interactions, concentration of
compounds, dissociation, ionization, matrix interference, etc. Consequently, the antioxidant
potential of the complete mixture can be additive, synergistic, or antagonistic [65-67].

Generally, flavonoids (including anthocyanins) are mostly present in the form of
metabolites in circulation since they are subjected to degradation reactions throughout
the digestive system [68]. Consequently, anthocyanin forms, both intact and altered,
can be detected in plasma. The most important altered forms are the corresponding
phenolic acids and aldehydes, and various conjugates (for example methyl, sulfate, and
glucuronyl conjugates) [69]. Nevertheless, studies have shown that flavonoids (including
anthocyanins), as well as their altered forms (metabolites), may be detected in brain tissue
due to their ability to pass across the blood-brain barrier [70], one of the obstacles in
the efficient treatment of glioblastoma. Considering iridoids detected in cornelian cherry
juice, it was determined that loganic acid was digested (in the experimental conditions)
in contrast to cornuside. The fact that cornuside was present of in the colon fraction
from gastrointestinal digestion in vitro makes this iridoid potentially bio-accessible [71].
Regarding their permeability through blood-brain barrier, it was determined that some
iridoids have this ability. Valtrate, an iridoid component, has the ability to pass through the
blood-brain barrier [72]. It was observed that valtrate had a potential antitumor activity
against GBM cells in vitro and in vivo. Next to the inhibition of the proliferation, invasion,
and migration of GBM cells, it also caused the induction of apoptosis in these cells [15].
Some other iridoids, such as gardenoside and agnuside, can also pass across the blood-brain
barrier, which may be used for therapeutic purposes [73,74]. A variety of other iridoids
can potentially also be used as therapeutic agents for intracerebral targeting because of
their ability to pass across the blood-brain barrier. Even so, the key issue is the low content
distribution within the brain, since these compounds go through rapid absorption as well
as elimination in vivo, and are widely distributed to tissues and organs. Consequently, they
have few biological benefits when they are orally administered [75].

Generally, delivering drugs to glioblastoma cells presents an extremely challenging
objective for research and development. Considerable endeavor has been dedicated to
developing effective delivery systems with the purpose of overcoming the heterogeneity of
tumor cells (both molecular and cellular), their infiltrative nature, and the blood-brain bar-
rier. Our results can contribute to the formulation of delivery systems, as some flavonoids
and iridoids have demonstrated the ability to cross the blood-brain barrier. With this
property and their potential to inhibit the growth of glioblastoma cells, these bioactives
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have the potential to be individually incorporated into delivery systems or combined with
other natural bioactives and/or used in combination with TMZ to enhance its effects. This
possibility should also be explored in future investigations.

5. Conclusions

The results of this study emphasized the diversity in composition of bioactive com-
pounds and antioxidant capacities of chosen stone fruit juices (tart cherry, cornelian cherry,
and blackthorn) and their potential for the inhibition of glioblastoma U87-MG and GBM43
tumor cells. While blackthorn juice did not inhibit growth of U87-MG cells, the other two
juices did exhibit some potential to do so. TMZ-resistant GBM43 cells were affected by
all three juices, but only the cornelian cherry juice showed higher potency than TMZ. For
future studies, higher concentration levels of juice inclusion in the cell growth media should
also be considered, as well as combinations of natural bioactives and their combinations
with TMZ.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/pr12071310/s1, Figure S1: HPLC chromatogram at 520 nm of
tart cherry juice (1—cyanidin-3-glucosylrutinoside; 2—cyanidin-3-rutinoside). Figure S2: HPLC
chromatogram at 360 nm of tart cherry juice (3—rutin). Figure S3: HPLC chromatogram at 320 nm of
tart cherry juice (4—neochlorogenic acid; 5—chlorogenic acid). Figure S4: HPLC chromatogram at
210 nm of tart cherry juice (6—(-)-epicatechin). Figure S5: HPLC chromatogram at 520 nm of cornelian
cherry juice (7—cyanidin-3-glucoside; 8—pelargonidine derivate). Figure S6: HPLC chromatogram
at 280 nm of cornelian cherry juice (9—gallic acid). Figure S7: HPLC chromatogram at 250 nm of
cornelian cherry juice (10—ellagic acid). Figure S8: HPLC chromatogram at 320 nm of cornelian
cherry juice (5—chlorogenic acid). Figure S9: HPLC chromatogram at 245 nm of cornelian cherry
juice (11—loganic acid; 12—cornuside). Figure S10: HPLC chromatogram at 520 nm of blackthorn
juice (7—cyanidin-3-glucoside; 2—cyanidin-3-rutinoside). Figure S11: HPLC chromatogram at 360
nm of blackthorn juice (13—hyperoside). Figure S12: HPLC chromatogram at 320 nm of blackthorn
juice (4—neochlorogenic acid).
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